Abstract: Lens effect was obtained in an open microfluidic system by using a thin layer of liquid on a polar electric crystal like LiNbO 3 . An array of liquid micro-lenses was generated by electrowetting effect in pyroelectric periodically poled crystals. Compared to conventional electrowetting devices, the pyroelectric effect allowed to have an electrode-less and circuitless configuration. An interferometric technique was used to characterize the curvature of the micro-lenses and the corresponding results are presented and discussed. The preliminary results concerning the imaging capability of the micro-lens array are also reported. 233106-3 (2005). 35. V. Gopalan and T. E. Mitchell, "In situ video observation of 180° domain switching in LiTaO 3 by electrooptic imaging microscopy," J.
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Introduction
The liquid lens effect is well known and several examples can be found in nature. Lensing lighting intensity patterns can be observed on the bottom of a swimming pool or caused by the curvature of the water induced by the surface tension [1] . The most popular and wellestablished approach to obtain liquid lenses is based on the electrowetting effect [2] . The electrode-based liquid lenses usually consist of two immiscible liquids manipulated into special cases made of hydrophobic coatings and electrodes. The applied voltage changes the equilibrium among the various forces acting between liquid-to-liquid and solid-liquid interfaces causing a reshaping and re-arrangement of the liquid meniscus. The change of curvature, in modulus and sign, has direct effect on the refraction of through-transmitted light, thus allowing to switch between a converging and a diverging lens with flexible focal lengths [3] [4] [5] [6] [7] [8] [9] . Single or multiple wells, covered with an hydrophobic coating, are also used as electrodes. A sessile liquid drop free standing on a flat electrode surface can be manipulated by a second needle-like electrode immersed into the drop [10] . Another possible configuration consists of a liquid drop between two plane parallel electrodes, useful for the fabrication of complex optical switches [4, 11] . The pressure-driven liquid lenses make use of a small liquid reservoir having flexible and transparent membranes. The lens shape, and thus the focal power of the microfluidic lens, can be changed by varying the hydrostatic pressure of the liquid volume [12, 13] . The development of all of these liquid lens configurations has benefited from the strong progress achieved into the field of microfluidics during the recent past years.
Research activities on electrowetting, or more in general studies on wettability and dewettability [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] of surfaces, have been performed since long time not necessarily related to the field of optics, but rather with the aim at patterning liquids on surfaces. An interesting overview about the scope, the methods and the results is provided by ref. [25] where open microfluidic systems are considered. This paper deals with the liquid lens effect obtainable by pyroelectrically activated electrowetting effect onto lithium niobate (LN) substrates. As described above, the operation of conventional electrowetting-based microfluidic devices demands more or less complex electrode geometries to actuate a liquid lens, thus requiring special technological steps and materials for the fabrication. The possibility to functionalize a specific and appropriate material to get a microfluidic lens array on a single chip is foreseen in this paper. This vision could lead to the realization in future of an optofluidic lens array on a microscopic scale.
Observation of lens effect
LN crystal substrates were used in this work to demonstrate the possibility to get a liquid lens array with variable curvature and focal length. LN is a very well known ferroelectric material widely used as a key element in optical modulators for fibre optic telecommunications [26] and in non-linear optic devices [27] . To the best of our knowledge, the possibility to change the topography of a thin liquid film onto a microengineered LN substrate by the pyroelectric effect [28, 30] was observed for the first time in this work. The topography variation allows to build-up a liquid microlens array activated by temperature gradients on the LN surface. The resulting structure can be considered as an open microfluidic system [18] exhibiting lens effect. In the past, regular arrays of liquid lenses have been observed by means of the electrowetting effect based on the spinodal dewetting theory [29] .
The spontaneous polarization of LN crystals can be reversed by the electric field poling process [31, 32] , thus enabling the fabrication of periodically poled LN (PPLN) crystals. An external voltage exceeding the coercive field of the material (around 21 kV/mm) is necessary to reverse the ferroelectric domains and the inversion selectivity is usually ensured by an appropriate resist pattern generated by photolithography [32] . Figure 1 shows the optical microscope image of two PPLN samples fabricated by the electric field poling and used for the lens effect experiments investigated here. The samples consist of a square array of bulk reversed domains with a period around 200 μm along both x and y direction. In fact, the lens array effect was first investigated and presented here in case of a relatively simple geometry as the square array, in order to demonstrate the reliability and feasibility of the pyroelectrically driven liquid lens effect. Anyway, more complex geometries, such as hexagonal or circular arrays, could be used for further investigations, by simply providing the appropriate photolithographic mask for the pattern generation. The two samples in Fig. 1 differ only for the geometry of the resist openings (see Ref.
[32] for details) and both of them were used for the same lens effect experiments, in order to test the reliability of the technique. The samples were not etched, contrary to the conventional procedure used to visualize the domain pattern [33, 34] . In fact, the reversed domains are visible thanks to the contrast enhancement provided by the appropriate aperture of the condenser diaphragm, thus improving the diffraction image of the domain walls related to the electro-optic effect induced by the so called internal field [35] arising after the electric field poling. The PPLN sample was mounted onto a digitally controlled hot-plate to ensure a reliable control of the substrate temperature during the experiments. The liquid used in this work was a carboxylic acid (pentanoic acid -C 5 H 10 O 2 ) in the form of an oily substance. The values of the dielectric constant and of the refractive index are 2.66 and 1.407-1.41, respectively. The PPLN sample was coated with a thin film of this oil (oil thickness is about 200μm) and subject first to an heating process up to 100 °C at a rate of around 20°C per minute, and then let cooling down to room temperature. The heating process was performed by increasing the temperature from 40 °C up to 100 °C. The cooling was achieved by letting the temperature to decrease from 100 °C down to 40 °C, thus with an approximate rate of 12 °C/min. The whole process took about 5 minutes and the liquid lens array kept stable topography for about 30 minutes at 40 °C, after its formation. The evolution of the oil film topography is clearly visible in both movies and, in particular, the lens effect is more pronounced in case of the cooling process. This is reasonably due to the different nature of the surface charges generating the electric potential modulation on the substrate, as discussed in the following section. The liquid microlenses were formed in correspondence of the hexagonal domains and thus with a lateral dimension of about 100 μm. Practical limitations to the fabrication of smaller lenses is not expected because reversed domains with lateral dimensions down to tens of micron can be reliably obtained in LN substrates. Anyway, the performance of the smaller lenses would be dramatically affected by the consequent enhancement of the diffraction effects due to the fact that the lens aperture became comparable with wavelength. It is important to note that the response of the liquid lens array was quite fast. In fact, the lens array was formed about 1 s after the temperature started to decrease. Moreover, the lens formation followed faithfully the domain grating, thus exhibiting perfect homogeneity over the whole patterned region. In principle, liquid microlens arrays would be possible with areas as large as desirable depending basically on the area obtainable by the lithographic process used for the domain inversion process. In fact, Fig. 2 shows clearly the degree of uniformity obtainable by the technique, with a field of view including 42 lens elements corresponding to an area of about (1.4 × 1.2) mm 2 . The limited field of view corresponding to the chosen magnification prevented to report larger view images.
Interpretation of the phenomenon
It is well known that LN is a rhombohedral crystal belonging to the point group 3m at room temperature [36] . The lack of inversion symmetry induces different effects including the pyroelectricity. This is the manifestation of the spontaneous polarization change According to the pyroelectric effect [37] the heating process makes the polarization magnitude to decrease, thus leaving surface screening charges uncompensated (see Fig. 3(b) top) . These generate a net electric charge distribution depending on the inverted domain structure, with positive and negative sign onto the reversed and un-reversed domain regions, respectively. The screening charges in excess, continuously produced during the heating process, are no more attracted by the polarization charge and consequently are free to diffuse into the oil film. Conversely, the cooling process makes the polarization magnitude to increase, thus generating an electric charge onto the crystal surface (see Fig. 3 (b) bottom) and giving place to the so called "double charge layer" at the solid-oil interface [15, 39] . In fact, the uncompensated polarization charge tends to interact with the dipole molecules in the oil, thus redistributing them in proximity of the solid surface. Therefore, the more pronounced lens effect observed in case of cooling (see Fig. 2(b) ) is due to the electrostatic action of the uncompensated polarization charge which is more intense compared to that of the screening charges during heating. The lens-like array topography exhibited by the oil film can be considered as the result of the equilibrium condition between the surface tensions and the electric forces related to the charge redistribution on the substrate. In the general case of a sessile droplet, the surface tensions at the solid-liquid γ sl , solid-gas γ sg and liquid-gas γ lg interfaces are described by the one-dimensional Young equation: 
where γ sl0 corresponds to zero charge condition and c is the capacitance per unit area assuming that the charge layer can be modelled as a symmetric Helmholtz capacitor [15] . It is important to note that in the present work the surface was not a metal and the liquid was not an electrolyte, as basically assumed by the double charge model [15, 40] . However, a similar model can be as well invoked even in case of dielectric surfaces [25] . Therefore, in the case investigated here, the presence of the net electric charge underneath the crystal surface (see bottom drawing in Fig. 2(b) ), generated pyroelectrically, lowers the surface tension due to the repulsion between like charges that make the work for expanding the surface area [39] . The air-liquid interface exhibits a waviness profile to minimize the energy of the whole system. Simulations of the electric potential distribution, generated pyroelectrically, were performed by a finite element based calculation and Fig. 4(a) shows the result. The plot refers to a section along a diagonal direction (direction b in Fig. 1 ).
(a) (b) Fig. 4. (a) . Schematic view of the sample cross section with the simulated electric potential distribution generated pyroelectrically; (b) (top) surface tension profile and (bottom) the schematic view of the corresponding oil film topography. The black arrows indicate the orientation of the spontaneous polarization.
The simulation clearly shows that the electric potential is modulated according to the domain structure, thus exhibiting minimum value in correspondence of the hexagon centres. The surface tension profile was then calculated by using Eq. (2) and the corresponding behaviour, in accordance with the experimental results, is shown in Fig. 4(b) . In fact, the solid-liquid interface tension appears to be modulated according to the electric potential. It is important to consider that the number of charges between two consecutive hexagons is higher along the b direction compared to the horizontal or vertical direction. Therefore, the work done by the charges along the b direction produces a stronger hydrostatic pressure towards hexagon centres, thus leading to the formation of liquid micro lenses in correspondence of the hexagons.
Characterization of the liquid micro-lens array by an interferometric method
The microfluidic system was observed and investigated during the cooling process by an interferometric apparatus based on Digital Holography [42] . The schematic view of the optical set-up used for the acquisition of the images is shown in Fig. 5 . The wavefront modifications induced by the micro-lens array onto a collimated laser beam (plane wavefront) were analysed. The phase-map of the transmitted wavefront at the exit pupil of the microlens array can be obtained by the numerical reconstruction of digital holograms, which consists in reconstructing the complex wavefront transmitted by the microlens array by back-propagating the diffraction field. Amplitude and phase maps of the object wavefront can be retrieved from the complex wavefront. Numerical methods and the principle of operation to get wavefront reconstruction are reported in refs.
[32] and [42] . Several holograms were recorded at a rate of 1 image per second. The movie in Fig. 6 shows the wrapped phase maps modulus 2π corresponding to 3×4 lens elements on the incoming collimated beam during the system cool down. The phase curvature indicates the existence of the lens effect. In fact, the curvature of the oil-air interface changes while the sample is cooling, as can be clearly noticed into the movie reported in Fig. 6 . This effect could be exploited for having an array of microlenses with variable focus. The number of fringes decreases during the cooling, indicating that the liquid layer is returning back to its initial condition corresponding to a completely erased waviness and thus to an infinite focal length. Figure 7 shows a portion of the mod 2π unwrapped phase map corresponding to a single frame of the movie in Fig. 6 and allows to estimate the wavefront curvature in correspondence of 2×2 micro-lenses of the array. Fitted parabolic profiles, calculated during cooling, indicate the presence of variable defocus, namely a variable focal length as shown in Fig. 8(a) , where the phase profiles of the transmitted wavefront, corresponding to different time frames (1s, 3s, 5s, 7s, 9s, 11s, 13s, 14s) during cooling, are reported. The slight tilt of the sample, respect to the microscope objective into the interferometric set-up, is revealed by the asymmetry of the curves in Fig. 8(a) Furthermore, different oils with variable densities, such as paraffin oil, primed oil and sweet almond oil, were also used for analogous experiments and the lens effect appeared to work even though exhibiting slight different behaviours depending essentially on the oil density properties.
Conclusions and further developments
The results presented in this paper show the possibility to build electrowetting devices based on a new concept related to the electrical activation of PPLN substrates by the pyroelectric effect. The configuration is electrodes-less and circuit-less, meaning that the electrodes are "intrinsically embedded" into the material thanks to the micro-engineered LN substrate, thus avoiding the use of heterogeneous materials and processes to change selectively the wettability of the solid surface. Moreover, the material itself is functionalized and can be controlled and activated by temperature variations without any external electric source and physical circuit. For example, temperature variations could be activated remotely and wireless by laser light absorption or by microwaves, just to cite some. Further experiments are being investigated in order to optimize the design and control of the temperature activation, thus providing the possibility to exploit this new configuration in many fields of application within the bio-micro-optofluidics area. For instance, such kind of LN substrates would be part of a PDMS based microfluidic chip (for example squeezed between two PDMS microstructured substrates), allowing to perform flexible imaging of flowing particles, fluids or biological cells, by a relatively simple technique. In fact, the electrode-less configuration would enable higher degree of integration compared to conventional electrowetting devices. The gravity effects and the sealing methods would be similar to those involved in conventional electrowetting-based microfluidic devices fabricated in polydimethylsiloxane (PDMS) and equipped with metal electrodes. Among other developments, a smart microscope slide based on this configuration could be foreseen, such that the surface lenses can be activated by the pyroelectric effect for the microscopic observation in liquid environments. The repeatability of the observed effect after multiple operations was high in the meaning that no differences were observed in various successive cycles. However, a more reliable system for temperature control is under consideration in order to definitively assess the degree of repeatability. Furthermore, the lens alignment issue would be greatly simplified because the microlenses are formed exactly across the hexagonal reversed domains which could be themselves used for preliminary optical alignment. Additional work is in progress to characterize deeper the microlens array even in respect to high aberration orders and imaging properties.
